Toxicity of insecticides to the citrus leafminer,
INTRODUCTION
The citrus leafminer, Phyllocnistis citrella Stainton (CLM) is one of the key pests of citrus growing, especially in nurseries, top-grafted trees, newly planted trees, and in plastic greenhouses in Japan. Ujiye (2000) mentioned that it is so important to protect new shoots of young or top-grafted trees from the damage caused by summer and autumn generations of CLM.
In many citrus growing areas in Japan, management of this pest has depended almost entirely on the application of chemical insecticides, and many kinds of insecticides have been registered in Japan to control CLM. But the effective control of CLM is quite difficult because of its high migration ability from outside of orchards or surrounding noncontrolled fields, and the high fertility of CLM. In addition, the difficulty of direct contact of chemicals to the larval body, or development of resistance against the chemicals sometimes makes it difficult to obtain enough control effect. As a result, the heavy application of pesticides has decreased the susceptibility of CLM against pyrethroids or some other insecticides in the western part of Kyushu, and the resistance to pyrethroids is generally expanding to the eastern parts of Japan (Yamamoto, 1979; Ohkubo, 1993; Gyoutoku, 1995; Gyoutoku et al., 1996) .
More than 24 species of parasitoid wasps of P. citrella from different parts of Japan and Taiwan have also been recorded, and some of them are thought to be important biological control agents for CLM (Ujiye, 2000) . But despite the rather high parasitism ratio, the population density of CLM remained at a high level (Mafi and Ohbayashi, 2004) .
The integration of selective insecticides and natural enemies as a part of the IPM program is well known as an effective method for controlling many kinds of pest insects (Villanueva-Jiménez and Hoy, 1998) . Especially for practical control of CLM, it is expected that both selective insecticides and natural enemies will be integrated. However, data on the toxicity of common insecticides to dominant parasite species of CLM are not available. This study was conducted to evaluate the toxicity of common insecticides on immature stages of the citrus leafminer, and particularly on its two dominant parasitoid wasps, Chrysocharis pentheus (Walker) and Sympiesis striatipes (Ashmead), in Ehime Prefecture.
MATERIALS AND METHODS
Insecticides. The toxicity of insecticides to the citrus leafminer and its parasitoids was conducted under laboratory conditions in 2003.
Twelve insecticides recommended for controlling CLM in the pest control program of citrus growing in Ehime Prefecture were selected for the following three experiments. All of the insecticides are commercial formulations and were used at concentrations commonly recommended. All of the chemicals used here are summarized in Table 1 . A spreader (0.2 ml/l) was added to the insecticide solutions in the bioassay.
Samples collection. The samples of eggs and larvae of CLM and parasitoid wasps were collected from the citrus orchards belonging to the experimental farm of the Ehime Fruit Tree Experiment Station at Higashino, Matsuyama City. Experiment 1. Control effect on the eggs of CLM. Citrus leaves bearing eggs of CLM were randomly collected from the citrus field. The eggs on the leaf surface were marked by a permanent marker under a binocular microscope. Insecticide solutions were freshly made and leaves were dipped in each solution for 5 s and allowed to dry for 1-2 h. Afterward, leaves were placed in Petridishes and held at incubator conditions (26Ϯ1°C and 50-70% RH). The test was replicated three times including control (only water) with 10 eggs. The numbers of hatched eggs were recorded 72 h after treatment.
Experiment 2. Control effect on the first instar larvae of CLM. Tender current shoots of citrus trees infested by CLM were collected from citrus orchards. Each position of the first instar larva was marked on the leaf by a permanent marker. To keep flushes in fresh condition, they were put in a small plastic cup (40 ml) with water. Each cup consisted of 3-4 flushes carrying 10 first instar larvae. The flushes were sprayed with insecticide solutions (4 ml for each cup) using a hand sprayer. The treated flushes were placed in a glass box (17 cmϫ24 cmϫ30 cm), of which the upper side was covered with a fine meshed nylon and held at incubator conditions (26Ϯ1°C and 50-70% RH). Testing was replicated three times including the control (only water) with 10 larvae. Mortality was evaluated by observing treated larvae through a binocular microscope 72 h and 5 d after treatment. pesticide-free trees, then rinsed with tap water, and dried in a soft airflow. The leaves were dipped for 10 s into insecticide solutions and allowed to dry for 1-2 h. The clip-cage cell constructed by three Plexiglas boards, one of which provided a closed test space of 3.2 cm in diameter and was 0.9 cm high was used for the test. A treated leaf was sandwiched by boards as the surface of the leaf came to the bottom of test space. Air was passed through the screened small hole at the side of the test space to reduce fumigation effects. Minute drops of 70% sugar water were applied as food on a side of the cell. The adult wasps of Chrysocharis pentheus (Walker) and Sympiesis striatipes (Ashmead) were separately collected by aspirators from citrus orchards and introduced into the clip cage cells after anesthesia by carbon dioxide. Five to ten undetermined age wasps were placed together in each cell. The test was replicated three times including the control (only water) for each treatment. Mortality was evaluated by observing treated wasps through a binocular microscope 24 and 72 h after treatment. All the experiments were conducted at ambient conditions of 26Ϯ1°C and 50-70% RH in an incubator.
Data analyses. The mortality was corrected using Abbott's (1925) formula. Data were arcsinetransformed and then analyzed by one-way ANOVA. The mean percentages were separated by Fisher's PLSD test (SAS Institute, 1998) .
RESULTS

Experiment 1
The corrected mortality of CLM eggs exposed to insecticides is shown in Table 2 . Most of the tested insecticides had a low control effect on the eggs, but a significant difference was revealed for the alanycarb (44%) of carbamate (ANOVA, Fisher's PLSD, p<0.05). Among the other insecticides, a lower mortality was found in the dinotefuran of nicotinoide, teflubenzuron and diflubenzuron of IGRs (3%), and bifenthrin of pyrethroid (0%).
Experiment 2
The corrected mortalities of the first instar larvae of CLM exposed to insecticides are shown in Table 3 . In spite of a wide range of mortality (23-100%) observed 3 d after treatment, mortality after 5 d reached to 100% except for the nicotinoide group. Among the nicotinoide group, the control effects of imidacloprid, thiamethoxam and acetamiprid were significantly lower than clothianidin and dinotefuran (ANOVA, Fisher's PLSD, pϽ0.05).
Experiment 3
The relative toxicity of insecticides to the adults of Chrysocharis pentheus is given in Table 4 . The data show a wide range response to the different insecticides. Among insecticides of the nicotinoide class, dinotefuran caused the highest mortality, being 83.3% at 72 h after treatment. The organophosphorous insecticides were less toxic at 24 h after treatment, but their toxicity increased to a high level at 72 h after treatment. Alanycarb, the single carbamate tested, showed a similar action as organophosphorous and caused a high level of mortality at 72 h after treatment. Both IGRs compounds, teflubenzuron and diflubenzuron, were less toxic. The single pyrethroid, bifenthrin, caused 44.7% mortality at 24 h after treatment and the mortality did not increased until 72 h after treatment. Petroleum oil did not show any toxicity to C. pentheus at 24 h after treatment, but 53.3% of the mortality occurred after 72 h exposure. A result of statistical analysis (Fisher's PLSD) indicated that of the four nicotinoide insecticides, except dinotefuran, two IGRs, and bifenthrin (pyrethroid) are safe or moderately toxic against C. pentheus. In contrast, a nicotinoide (dinotefuran), two organophosphates, a carbamate and petroleum oil are highly toxic to this wasp. The relative toxicity of insecticides to the adults of Sympiesis striatipes is given in Table 5 . The species showed a wide range response to the different insecticides. Among insecticides of the nicotinoide class, dinotefuran caused the highest mortality (66.7%) at 72 h after treatment. The toxicity of organophosphorous insecticides to this species was relatively high. Alanycarb, the single carbamate 36 S. A. MAFI and N. OHBAYASHI 
DISCUSSION
In the open fields of a citrus growing area in Ehime Prefecture, the CLM population started to increase from June and showed two peaks, from July to August and October to November (Mafi and Ohbayashi, 2004) . The summer and autumn shoots of matured citrus trees, which are not fruit-bearing branches, are less important in spite of heavy infestation. But in nurseries or young orchards these shoots are very important to establishing tree shape. In addition, the summer shoots grown in greenhouses are important as fruit-bearing branches.
In the open fields of matured citrus orchards, in general, special insecticide sprays for CLM are not applied. However, several kinds of insecticides have been customarily applied to control other main pests such as thrips, longhorn beetle or scales. In our previous experiment, we could not find any differences in CLM infestation between controlled and uncontrolled groves (Mafi and Ohbayashi, 2004) . Therefore, several insecticides for controlling CLM were registered and recommended to farmers, especially for use on young or top grafted trees or in greenhouses.
Many of the insecticides tested here showed rather high mortalities against the first instar larvae, but were less effective against eggs. In addition, the control effect of insecticide against mature larvae was thought to be lower than the first instar larvae. Generally speaking, the controlling effect of insecticides in citrus orchards is not very sufficient because several generations of CLM are usually overlapping and the CLM larvae are protected by a cuticular layer of leaves in the serpentine mine. Ujiye and Adachi (1995) reported that Sympiesis striatipes, and Quadrastichus sp., Tetrastichus sp., or Chrysocharis sp. were the dominant species in 14 and five areas, respectively, in mainland Japan. Ujiye (1988) also mentioned that the records of parasite ratio of these wasps ranged from 15.9 to 60% depending on the researchers. Later, he also described as "During the larval stage of the summer generation, 80% or more miners were killed by parasitoids and unknown factors" (Ujiye, 2000) . In a district of Ehime Prefecture, two parasite wasps, Chrysocharis pentheus (endo-parasite) and Sympiesis striatipes (ecto-parasite) were the dominant species and occupied almost 80% of the natural enemy of CLM, and despite the parasitism of large larvae reaching 70%, the population density of CLM remained at a high level (Mafi and Ohbayashi, 2004) . Both of these parasitoids lay eggs not on the first or second instar larvae but on the third instar larvae and prepupae. As a result, the damage to the citrus leaves is not reduced by parasitism, but it is possible to reduce the population density of CLM probably more than 50%. This phenomenon indicates that it is important to select less toxic chemicals against the natural enemies in order to expect both the activity of natural enemies and control effect of insecticides for suppressing the infestation of CLM. There are several reports on the toxicity of organophosphorous and carbamate insecticides against various pest insects and their natural enemies (Plapp and Vinson, 1977; Mizell and Schiffhauer, 1990; Bellows and Morse, 1993; Morishita, 2001) . Our results for the two organophosphorous and acarbamate insecticides also indicate that these insecticides cause high mortality not only to pest insects, but also to parasitoids.
In contrast, imidacloprid, thiamethoxam and acetamiprid of the nicotinoide insecticides were less toxic, though dinotefuran showed rather high mortalities. Clothianidin, of the nicotinoide insecticides, showed low toxicity to Chrysocharis pentheus but moderate toxicity to Sympiesis striatipes. Of the IGRs, teflubenzuron and diflubenzuron were safe or less toxic to adult wasps.
For the IPM program of the citrus pests in nurseries and newly planted trees, it is necessary to select effective insecticides not only against CLM, but also other serious pests such as the white-spotted longhorn beetle (Anoplophora malasiaca), aphids, and thrips. However, scale insects such as Unaspis yanonensis, Ceroplastes rubens and Icerya purchasi are suppressed by several species of natural enemies. Nakao et al. (1974 Nakao et al. ( , 1996 showed that selective insecticides with low toxicity against natural enemies under the IPM program successfully suppressed the occurrence of Panonychus citri, Unaspis yanonensis and Pulvinaria auranti in experimental citrus groves. Ohkubo and Nagano (1987) demonstrated that buprofezin, teflubenzuron and diflubenzuron of IGRs were safer than several kinds of organophosphates to Aphytis yanonensis, which is a parasite of Unaspis yanonensis. Conversely, Grafton-Cardwell and Gu (2003) stated that IGRs, neonicotinoide insecticides, and pyrethroid insecticides have a significant negative impact, but depending on the rate of insecticide used, the number and timing of applications, and the level of coverage of tree, the disruption of vedalia can be minimized. The nicotinoides or IGRs selected in this study as less toxic insecticides against the parasitoids of CLM were also considered to be compatible with the IPM program of the Florida citrus nursery by Villanueva-Jiménez and Hoy (1998) or Villanueva-Jiménez et al. (2000) . However, it is necessary to carry out a field analysis of candidates to confirm their suitability for the IPM program.
